We describe the quark gluon plasma (QGP) as a thermalized quark-gluon system, the thermalized QGP phase of QCD. The hadronization of the thermalized QGP phase is given in a way resembling a simple coalescence model. The input parameters of the approach are the spatial volumes of the hadronization. We introduce three dimensionless parameters C M , C B and CB related to the spatial volumes of the production of low-lying mesons (M ), baryons (B) and antibaryons (B). We show that at the temperature T = 175 MeV our predictions for the ratios of multiplicities agree good with the presently available set of hadron ratios measured for various experiments given by NA44, NA49, NA50 and WA97 Collaborations on Pb+Pb collisions at 158 GeV/nucleon, NA35 Collaboration on S+S collisions and NA38 Collaboration on O+U and S+U collisions at 200 GeV/nucleon.
Introduction
Recently [1] we have suggested some kind of a coalescence model [2] for the description of the hadronization from the quark-gluon plasma (QGP) phase of QCD considered as a thermalized quark-gluon system [3] at high densities and temperature in which quarks, antiquarks and gluons being at the deconfined phase collide frequently each other. There is a belief [4] that the QGP phase of the quark-gluon system can be realized in ultrarelativistic heavy-ion collision (E cms /nucleon ≫ 1 GeV) experiments.
At very high energies of heavy-ion collisions the quark-gluon system is composed from highly relativistic and very dense quarks, antiquarks and gluons. By virtue of the asymptotic freedom the particles are almost at liberty and due to high density collide themselves frequently that leads to an equilibrium state. If to consider such a state as a thermalized QGP phase of QCD, the probabilities of light massless quarks n q ( p ) and light massless antiquarks nq( p ), where q = u or d, to have a momentum p at a temperature T , can be described by the Fermi-Dirac distribution functions [3, 5] : where a temperature T is measured in MeV, ν(T ) = µ(T )/T , µ(T ) is a chemical potential of the light massless quarks q = u, d, depending on a temperature T [5] . A chemical potential of light antiquarks amounts to −µ(T ). A positively defined µ(T ) provides an abundance of light quarks with respect to light antiquarks for a thermalized state [1, 4] . A chemical potential µ(T ) is a phenomenological parameter of the approach which we would fix below [1] . The probability for gluons to have a momentum p at a temperature T is given by the Bose-Einstein distribution function n g ( p ) = 1 e p/T − 1 .
(1.2)
Since a strangeness of the colliding heavy-ions amounts to zero, the densities of strange quarks and antiquarks should be equal. The former implies a zero-value of a chemical potential µ s = µs = 0. In this case the probabilities of strange quarks and antiquarks can be given by where m s = 135 MeV [6] is the mass of the strange quark and antiquark. The value of the current s-quark mass m s = 135 MeV has been successfully applied to the calculation of chiral corrections to the amplitudes of low-energy interactions, form factors and mass spectra of low-lying hadrons [7] and charmed heavy-light mesons [8] . Unlike the massless antiquarksū andd for which the suppression is caused by a chemical potential µ(T ), the strange quarks and antiquarks are suppressed by virtue of the non-zero mass m s . In Ref. [1] we have supposed that a chemical potential µ(T ), a phenomenological parameter of the description of the QGP state as a thermalized quark-gluon system at a temperature T , is an intrinsic characteristic of a thermalized quark-gluon system. Thereby, if the QGP is an excited state of the QCD vacuum, so a chemical potential should exist not only for ultra-relativistic heavy-ion collisions. Quark distribution functions of a thermalized quark-gluon system at a temperature T should be characterized by a chemical potential µ(T ) for any external state and any external conditions. Since any state of a thermalized system is closely related to external conditions, in order to obtain µ(T ) we need only to specify the external conditions of a thermalized quark-gluon system the convenient for the determination of µ(T ).
Indeed, it is well-known [5] that the Helmholtz free energy F (T, V, N) defining the partition function Z(T, V, N), F (T, V, N) = − T ℓn Z(T, V, N) which plays a central role in studying thermalized systems, is nothing more than a work for an isothermic process. Therefore, by producing external conditions keeping T = const and measuring a work one can get a full information about the Helmholtz free energy F exp (T, V, N). Then, in terms of this Helmholtz free energy F exp (T, V, N) one can obtain the partition function Z exp (T, V, N) which can be applied to the description of the thermalized system at any T .
Following this idea we have fixed the chemical potential µ(T ) in the form [1] :
In the low-temperature limit T → 0 we get
where µ 0 = µ(0) = 250 MeV is a chemical potential at zero temperature [1] . The Tdependence of a chemical potential given by Eq.(1.5) differs by a factor 1/4 from the low-temperature behaviour of a chemical potential of a thermalized electron gas [9] . The former is caused by the contribution of antiquarks. In the high-temperature limit T → ∞ a chemical potential µ(T ) defined by Eq.(1.4) drops like T −2 :
A chemical potential drops very swiftly when a temperature increases. Indeed, at T = 160 MeV we obtain µ(T ) ≃ µ 0 /4, while at T = µ 0 a value of a chemical potential makes up about tenth part of µ 0 , i.e. µ(T ) ≃ µ 0 /10. This implies that at very high temperatures the function ν(T ) = µ(T )/T becomes small and the contribution of a chemical potential of light quarks and antiquarks can be taken into account perturbatively. This assumes in particular that at temperatures T ≥ µ 0 = 250 MeV the number of light antiquarks will not be suppressed by a chemical potential relative to the number of light quarks. The multiplicities of the hadron production, mesons, baryons and antibaryons, are proportional in our approach to 3-momentum integrals of the quark and antiquark distribution functions. For example, the multiplicities of the production of the K ± mesons, N K ± ( q, T ), and π ± mesons, N π ± ( q, T ), we define according to a simple coalescence model [2] as follows [1] :
where q and T are a 3-momentum of mesons and a temperature of the QGP, the factor 3 corresponds the number of quark color degrees of freedom, M K = 500 MeV, F K = 160 MeV, M π = 140 MeV and F π = 131 MeV are the masses and the leptonic coupling constants of the K and π mesons, respectively [10]. The dimensionless parameter C M is a free parameter of the approach. It is the same for all low-lying mesons. The multiplicities of the vector meson production, for example, such as K * ± and ρ ± we define as
where M K * = 892 MeV and M ρ = 770 MeV are the masses of the K * and ρ mesons, respectively [10].
In the case of baryons and antibaryons we suggest to define the multiplicities by using the diquark-quark picture of baryons and antibaryons. For example, the multiplicities of the proton (p) and antiproton (p) we write in the form
where M p = 940 MeV is the mass of the proton and antiproton. The factor 3! in the numerator is related to the quark colour degrees of freedom and defined by ε ijk ε ijk = 3!, where i, j and k are colour indices and run over i = 1, 2, 3 each. In turn, in the denominator the factor 3! takes into account the identity of three light quarks (qqq) and three antiquarks (). In the isotopical limit we do not distinguish u and d quarks as well asū andd antiquarks. The dimensionless parameters C B and CB are free parameters of the approach. Each of them is equal for all components of octets of baryons and antibaryons, respectively, but C B = CB. The paper is organized as follows. In Sect. 2 we calculate the theoretical values of multiplicities of the hadron production from the thermalized QGP phase. The theoretical predictions and experimental data are adduced in Table 1 . In the Conclusion we discuss the obtained results. A possible estimate of the absolute values of our input parameters is discussed through the application of our approach to the calculation of the number of baryons and antibaryons relative to the number of photons at the early stage of the evolution of the Universe assuming that this evolution goes through the intermediate thermalized QGP phase.
Multiplicities of hadron production from the thermalized QGP phase
Now let us proceed to the evaluation of multiplicities of hadron production from the thermalized QGP phase of QCD. The theoretical predictions for the different ratios of hadron multiplicities we compare with experimental data adduced in Table I of Ref. [11] . These are the data of various experiments given by NA44, NA49, NA50 and WA97 Collaborations on Pb+Pb collisions at 158 GeV/nucleon. Also we compare our results with the experimental data obtained by NA35 Collaboration on S+S collisions and NA38 Collaboration on O+U and S+U collisions at 200 GeV/nucleon. From Table 1 of this paper one can see that in the whole the experimental data for the hadron production are obtained for rapidities ranging over the region 2.3 ≤ y ≤ 4.1. The relation between a 3-momentum q and a rapidity y reads
where M and q ⊥ are the mass and the transversal momentum of the produced hadron.
Thus, for K mesons and hadrons heavier than K mesons typical momenta are of order of 2.5 GeV and greater. This gives a possibility to investigate the momentum integrals defining multiplicities of the hadron production at q → ∞. As has been shown in Ref. [1] the ratios of the multiplicities
are smooth functions of q, wobbling slightly around the asymptotic values obtained at q → ∞, and describe good the experimental data at T = 175 MeV. Below the theoretical results on the multiplicities of the hadron production we would compare with experimental data at T = 175 MeV. In this case it is obvious that the typical momenta of the momentum integrals defining the multiplicities of hadron production are of order p ∼ T . Hence, for typical momenta of hadrons q ≥ 1 GeV the multiplicities of the hadron production can be calculated in the asymptotic regime at q → ∞.
At q → ∞ the multiplicities of the hadron production defined by Eqs.(1.7)-(1.9) can be represented in the following form The theoretical ratios of multiplicities of the hadron production which we compare with measured experimentally we define as follows
The constant F S = 3.5 F π is related to the leptonic constant of the pseudoscalar meson containing only s-quarks, ss [12] . We have estimated F S in agreement with the experimental data on the η(550)/π 0 and φ(1020)/π production. For the description of the multiplicity of the η(550) meson production we have taken into account that the lowenergy meson phenomenology [10, 12, 13] gives the following quark structure of the η(550) meson:
η(550) = (qq) sinθ + (ss) cosθ, (2.6) whereθ = ϑ 0 − ϑ P with ϑ 0 = 35.264 0 , the ideal mixing angle, and ϑ P , the octet-singlet mixing angle. Recent analysis of the value of the octet-singlet mixing angle carried out by Bramon, Escribano and Scadron [13] gives ϑ P = − 16.9 ± 1.7 0 . For the φ(1020) meson we have supposed the ss quark structure [10, 12] .
Conclusion
The theoretical and experimental values of the ratios of hadron production are adduced in Table 1 . From Table 1 one can see a good agreement between presently available set of hadron ratios measured for various experiments given by NA44, NA49, NA50 and WA97 Collaborations on Pb+Pb collisions at 158 GeV/nucleon, NA35 Collaboration on S+S collisions and NA38 Collaboration on O+U and S+U collisions at 200 GeV/nucleon and theoretical predictions for the ratios of multiplicities of hadron production from the thermalized QGP phase at a temperature T = 175 MeV. Save the ratioΛ/p, (Λ/p) th = 2.081 and (Λ/p) exp = 3 ± 1, the theoretical results agree with the experimental ones with accuracy better than 18%. This should mean that the simple coalescence model considered in this paper is not a bad cartoon of a real mechanism of hadron production from the quark-gluon phase of QCD.
In the coalescence model multiplicities of hadron production are defined by momentum integrals on quark (antiquark) distribution functions in accordance with the phenomenological quark structure of the hadron. For the analysis of the multiplicities of the baryon and antibaryon production in terms of the quark and antiquark distribution functions we have followed the diquark-quark picture for baryons and antibaryons. This has allowed to describe multiplicities of the baryon, antibaryon and meson production on the same footing.
For the explanation of experimental data on the hadron production in ultrarelativistic heavy-ion collisions we have used three input parameters CB/C B , C B /C M and F S . These parameters are related to the spatial volumes of hadronization of the quarks and antiquarks from the thermalized QGP phase. The first two parameters have been fixed from the experimental data on the ratios (Ω/Ω) exp = 0.46±0.15, (Λ/K 0 S ) exp = 0.65±0.11. This gives CB/C B = 0.46 ± 0.15 and C B /C M = 4.39 ± 0.74. In turn, the value of the parameter F S = 3.5 F π = 458.5 MeV is a result of a smooth fit of the ratios of hadrons containing the ss and ss components in the quark structure. In the bulk our approach to the hadronization from the QGP phase of QCD has succeeded in describing 21 experimental data on ultrarelativistic heavy-ion collisions.
Unlike other approaches [2] [3] [4] the ratio of theΩ and Ω baryon production is an input parameter in our model CB/C B . The ratioΩ/Ω does not depend in our approach on both the momenta of baryons and the temperature. The former is due to the zero-value of the s-quark chemical potential, µ s = µs = 0. As a result the ratioΩ/Ω can be only fitted in our approach. By fitting the ratioΩ/Ω from experimental data and applying this value to the description of other ratios of the baryon and antibaryon production for the thermalized QGP phase we have found a good agreement with experimental data. This confirms a self-consistency of the approach.
In turn, the distinction between the parameters C B and CB can be related to a wellknown factor of the baryon-antibaryon asymmetry in the Universe which one could put phenomenologically at the early stage of the evolution of the Universe whether the baryon synthesis in it goes through the intermediate QGP phase. Indeed, as has been stated by Börner [29] : Within the standard big-bang model, however, there seems to be little chance of achieving a physical separation of baryon and antibaryon phases in an initially baryon-symmetric cosmological model. If the baryon number was exactly conserved -as it assumed to be the standard model -the small asymmetry necessary for our existence must be postulated initially. Grand unified theories offer the possibility of creating this small asymmetry from physical processes.
In our approach the baryon-antibaryon asymmetry at the hadronic level can be realized phenomenologically in terms of a different rate of hadronization of baryons and antibaryons caused by the input parameter CB/C B = 0.46 ± 0.15 fixed through the experimental data on the ratioΩ/Ω production in ultrarelativistic heavy-ion collisions. For the total number of antibaryons NB relative to the total number of baryons N B produced for the baryon-antibaryon synthesis at the early stage of the evolution of the Universe at a temperature T = 175 MeV and gone through the intermediate thermalized QGP phase we predict
Thus, at the early stage of the evolution of the Universe Universe the number of antibaryons should be of order of magnitude less compared with the number of baryons, NB ∼ 0.1 N B . According to Börner [30] it is more than enough for the existence of the life in the Universe. Recall that the standard approach [30] predicts for every 10 9 antibaryons only (10 9 + 1) baryons. As has been stated by Börner: It is to that one part in 10 9 excess of ordinary matter that we owe our existence! [30]. For the early Universe the total number of baryons and antibaryons was roughly equal to the number of photons N ph [30]:
Since the density of photons is equal to [31]
where V is the volume of the early Universe, and the density of the total number of baryons and antibaryons NB + N B calculated in our approach at T = 175 MeV amounts to [15, 20] 
